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Fracture of elastomers depends simultanecusly on many parameters,

and, therefore, a comprehensive understanding of fracture requires know-
ledge of not only their separate effects but also of their interactive
effects. Thus, studies have been made on the influence of timel, temper-
aturel, degree of crosslinkinga’B, details of chain struéture3’h and con-
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centration of diluent”, but seldom has a sufficientiy wide range and com-

bination of such variables been covered in any given experimental program

S0 as to provide an indication of the interactions. In order to synthe- -

size these experimental results into a more ccherent whole, fracture in
viscoelastic bodies should not be treated as a separate phenomenon, but
rather as one facet of the problem of describing their stress-strain-time
(o= E, t) propertiess. (Only tensile properties are considered here.)

If these properties are considered as a three-dimensional surface, which -

we call a physical property surface, then fracture represents some limit-
ing value or discontinuity on this surface, or boundary to 1t°. Figure 1

depicts such a surface for a gum Viton B elastomer.
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The projections of this boundary to the o7, t or 6; t planes
depict the time dependence of fracture, while the projection to the G-, €
plane is independent of the time scale. Tnis latter projection, known as
the Smith failure envelope; is of great importance because of this inde-

pendence. Moreover, the failure envelope appears to be independent of the
6,7,8

path, so that the same envelope is generated in stress relaxation »

creep , or constant strain rate’’ 7,8 experiments.. As such it serves as
& very useful failure criterion.

Thus, in mathematical iems » & useful description of fracture
bebavior requires at least two functions which can be solved simultaneously
to yleld values of 0 ,£ and t at break. A possible pair of such func- -
tions, for example, would be the set comprised of one expression for the

property surface and one expression relating 6.0 to .

There is ample experimental evideance to suggest that over much
of the property surface, strain and time are fa.ctorable9 50 that the

equation for the surface may be written as:

o= £it) flenm) (1)
where 'E(t) is the time dependent, strain independent moduluse. At long
times, E approaches equilibrium and becomes time independent; here
kinetic theory predicts E(eq) = 3 Y, RT. £(é,n) 1is generally a nonlinear
function of strain which is 1ndei)endent of time. The function £ however

also depends on a parameter n which is a measure of chain flexibility.
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* A possible form for the function £(€,n) which fits data very well has been

proposed by Treloa.rlo, and is based on an extension of the kinetic theory -

of ruvberlike elasticity which takes into account ﬁni‘te extensibilities

of a polymer chain:

s 3 [ -t (o]

vhere A = £+ 1 and where aT ~ 1is the inverse Langevin function, e.g.,

ir | «. 'x.t (:nh%:) . /5
then - T -

A= thp - L b
2 by {8

In (2), it is easy to show that f(€,n) —>o0as A —> nl/e

and thus,

the magnitude of n provides an upper lim{t to the maximum value which A

can attain. Thus, if eqn. (2) is valid for values at break, then

()b)w = ‘n{ | . (3)

vhere  (N.) is the maximum value of A =~ as obtained from the upturn
o/max a
in the failure envelope at the point where dé‘o = oo . Equation (3)

can be recast into the more convenient form:
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where g is the gel fraction, N ‘is ‘the molar volume of a statistical
unit, p is the density and -ﬁn is the number average molecular weight
of the primary molecules. When Mn is large, the fa.c'tor in parenthesis
apprcaches unity and ()‘b)max becomes inversely proportional to Uel/ 2,

There is experimental data3 to support this type of dependence on ]}e .

In addition, when v’)'.'<< nl/ 2, equation (2) becames essentially
independent of n and hence the effect of n on f becomes aprarent
pricarily when A —> nl/ 2. Do indicate how well (2) applies to break
data, figure 2 shows rupture data obtained with SBR gum at the indicated .
rates and femperatures. The line shown in equation (2) with n = 50.
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Experimentally, it has teen observed that in the Eb" t. plane,

€. depends on both t and n i.e.,

b

Gb 2 9(£5,'”) (5)

Hence, equations(l) and (5) considered together define a space curve on

the property surface which defines fracture for all experi;nental conditions

for which (1) remains valid.

Differentiation and rearrangement of equations(l) and (5) yield
an equation which defines the éhape and location of the failure envelore

in the a‘b, E.b plane:
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Equation (6) predicts that the shape of the failure envelope depends on
meny variables simultaneously in a rather complicated fashion. It is
interesting to note that since the failure envelope is independent of time,
the left-hand side of (6) can only ve a function of f and n. This
implies that functional relations must exist between the quantities in

(6) waich are time dependent. If the explicit expressions for E, g and

f were known, equation (6) in principle could be integrated to yield the

mathematical expression for the envelope.

Fortunately, over a rather wide range of temperature, E(t) is
only a very slowly varying functio’n" of time which, hence, can be taken as
constant and set equal to its kinetic theory value of 3)éRT- Under these

conditions, (6) becomes

-
—dz: B ¢ L aeb) o6,

Thus for those conditions under waich E can be taken as constaat, (7)
predicts that the shape of the envelope depends only on f and on its
variation with both € b and n »‘and on the yariation of n with respect
to E.D. Furthermore, the dependence of the envelope on "u'e can be remoyed

by nomalizingc‘b to unit ve, i.e.,
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In addition, since for small val..s of the ratio, €h/h, f is essentially

independent of n, then (8) becomes

4z A Tt/ . 3R rEiJ | (9)
d e L €b
which can be integrated directly to yield
_ | (10)
Ze. - 2R '
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It hzs been shown previcusly3$6that when the breaking stress is normalized
to unit 1%, then at temperatures sufficiently above the glass temperature,
the reduced stress is a unique function of the breaking strain, independent
of the chemical structure of the chain (epoxy, silicone, butadiene, butyl,
fluorocarbon, styrene-butadiene), such that data for some fifteen elastomers

can be redﬁced to a single master curve as predicted by equation (10).

In figure 3a, the rupture
data, obtained at a single rate and temperature, are shown for four elasto-
mers which vary in both chemicgl structure and crosslink deésity. When
these data are reduced to unit cfosslink density as suggested by equation
(8) or (10), the data superpose to a single curve to within the experi-
mental uncertainty in the reported 'be values. The line shown in f;gure

3o fepresents the average behavior for this set of data.



As a more clear-cut demonstratidn of the independence of the
reduced master envelope and chemical structure, figure lYa shows the failure
envelopes for five types of rubber, each at a constant crosslink density.
These envelopes were obtained by making tests at several strain rates and
temperatures. As the temperature is lowered or the strain rate is increased,
the data points move counter-clockwise around the envelope. When these |
envelopes are reduced, as in figure 4b, their high temperature portions

~ superpose as expected, even though 1je varies by & factor of 40.

It might be argued that, since not only lle but '1‘8 and type
of brokbone are being changed, the reduction is not real but only an arti-
fact stemming from the simultaneous change in several variables. Hence
we ocfer the evidence based on a single rubber, Viton A-HV, as measured
oy Smithe. Figure 5a is a plot of his tabulated rupture‘data, the cross-
link densities being given in the key. Figure 5b shows the redﬁced failure
envelope and it can be seen that the high temperature portions have all

merged into a common response curve, independent of 1)e.

The master envelope or common response curve is,statistical
variationsin the rupture properties. Hence,(independent of )statistical

variations in the breaking properties as measured for a sample of a given

crosslink density at a given strain rate and temperature, permit the deiine-
ation of portions of the failure crvelope for that sample. This is illus-
trated in figure 6a, where the unfilled squares show portions of the enve-
lope for an SBR rubber as measured at these different temperatures, com-
pared to the envelope formed by vurying‘the strain rate and temperature

(tae solid line). The filled squares denote the segments formed at 25°bll

at progressively lower crosslink densities. In figure 6b, these data hive

..7-



been reduced to unit 'L% and compared with the reduced mastér curve
(solid line) obtained earlier. Agsin, the reduction principle holds at

high temperatures and bence is unaffected by statistical variability.

Figure T shows the reduced failure envelopes for all the systems
discussed here. The high temperature portions of all envelopes have been.
brought together into a master curve which is essentially the same one
shown earlier. Thus the reduced variable concept as proposed is valid for
wide ranges in polymer-type)Tg, crosslink density, test rate, test temper-

ature, and statistical fluctuations in the data.

Conclusions

At sufficiently high temperatures compared to the glass temper-
ature, both experimentel evidence (figure 7) and equation (10) predict
that failure envelopes obtained.frcm samples differing in ‘D; will super=
pose to a common response curve f(&) independent of chemical structure
of the poiymer when Cﬂb is norma;ized to unit 1Jér. At lower tempera-
tures, experiment and equation (8) indicate that in such & normalized
plot, individual failure envelopes will diverge from the common response
curve, f(&), due primarily to the influence of the chain flexibility

' lowered
parameter n. As the temperature is gtill further, equation (6)
shows that the shapes of individual envelopes may vary if the time depen-
dences of E and/or g différ. This effect is presumably the factor
which produces the difference in shapes between the Viton elastomers and
the others shown in figure 7. In addition, equation (4) relates the maxi-
mun value which Ab can attain to other readily measured parameters,
notably ve. Thus the knowledge of these £wo parameters, vé end n is

sufficient to predict to & good approximation the shape and location of

the failure envelope up to the region of ( Ab)max'

-8~
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: SBR - PEROXIDE VULCANRZATE
] i SYMBOL TEMPERATURE, °C
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